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In C. elegans, Wnt signaling regulates a number
of asymmetric cell divisions. During telophase,
WRM-1/b-catenin localizes asymmetrically to
the anterior cortex and the posterior daughter’s
nucleus. However, cortical WRM-1’s functions
are not known. Here, we use a membrane-
targeted form of WRM-1 to show that cortical
WRM-1 inhibits Wnt signaling and the nuclear
localization of WRM-1. These functions are
mediated by APR-1/APC, which regulates
WRM-1 nuclear export. We also show that
APR-1 as well as PRY-1/Axin and Dishevelled
homologs localize asymmetrically to the cortex.
Our results suggest a model in which cortical
WRM-1 recruits APR-1 to the anterior cortex
before and during division, and the cortical
APR-1 stimulates WRM-1 export from the ante-
rior nucleus at telophase. Because b-catenin
and APC are localized to the cortex in many
cell types in different species, our results sug-
gest that these cortical proteins may regulate
asymmetric divisions or Wnt signaling in other
organisms as well.
INTRODUCTION
The Wnt-b-catenin-signaling pathway plays fundamental
roles in cell fate determination and stem cell renewal dur-
ing the development of metazoan species, and deregula-
tion of the Wnt pathway often leads to cancer in mammals
(Reya and Clevers, 2005; Logan and Nusse, 2004). Wnts
are secreted glycoproteins that bind the Frizzled (Fz)
receptors. In the absence of Wnt, a key component of
the Wnt pathway, b-catenin, is downregulated by the ‘‘de-
struction complex,’’ which consists of Adenomatous Pol-
yposis Coli (APC), Axin, glycogen synthase kinase-3b
(GSK-3b), and casein kinase 1 (CK1). The destruction
complex binds and phosphorylates b-catenin, marking
it for ubiquitin-mediated degradation. Wnt stimulationDevelopmeinhibits the destruction complex, stabilizing b-catenin.
The stabilized b-catenin enters the nucleus, where it binds
Tcf/Lef transcription factors and converts them from re-
pressors to activators. Mutations in components of the
destruction complex, like APC, or in the phosphorylation
sites in b-catenin lead to the inappropriate stabilization
of b-catenin and constitutive activation of Wnt target
genes. Such mutations are almost invariably observed in
human colorectal cancer cells (Reya and Clevers, 2005).
In addition to the regulation of b-catenin stability, APC
shuttles between the nucleus and cytoplasm to export
b-catenin from the nucleus. Therefore, both the stability
and the nuclear localization of b-catenin are regulated by
APC (Henderson, 2000; Rosin-Arbesfeld et al., 2003).
In C. elegans, Wnt signaling regulates the polarity of
most asymmetrically dividing cells. For example, in early
embryos, the polarity of the EMS blastomere is regulated
by the MOM-2/Wnt signal (Rocheleau et al., 1997; Thorpe
et al., 1997). The MOM-2 signal is transmitted through
homologs of regulators of the Wnt-b-catenin pathway,
such as MOM-5/Fz, APR-1/APC, and WRM-1/b-catenin
(Thorpe et al., 2000). In addition, LIT-1/MAP kinase, which
binds to WRM-1 and phosphorylates POP-1/TCF, is
required for asymmetric cell division (Thorpe et al.,
2000). Therefore, these pathways are together referred
to as the ‘‘Wnt/MAPK’’ pathway.
The Wnt/MAPK pathway regulates the asymmetric
nuclear localization of POP-1 (POP-1 asymmetry) be-
tween daughter cells (it is higher in the anterior daughters)
after most cell divisions (Lin et al., 1995, 1998; Herman,
2001). It was recently suggested that the level of POP-1
in the nucleus is directly linked to the nature of its tran-
scriptional activity; i.e., POP-1 functions as a repressor
at high concentrations and as an activator at lower con-
centrations (Kidd et al., 2005; Shetty et al., 2005). There-
fore, POP-1 asymmetry is likely to determine the ultimate
readout of the Wnt/MAPK pathway. The LIT-1-WRM-1
complex is reported to phosphorylate POP-1 to promote
its nuclear export (Lo et al., 2004). The nuclear localization
of LIT-1 and WRM-1 is also asymmetric, but the pattern is
reciprocal to that of POP-1 (i.e., they are higher in the pos-
terior daughters) (Lo et al., 2004; Nakamura et al., 2005;
Takeshita and Sawa, 2005). Such observations suggest
a model in which higher LIT-1-WRM-1 activity in thental Cell 12, 287–299, February 2007 ª2007 Elsevier Inc. 287
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nucleus (Lo et al., 2004). Therefore, the asymmetric
nuclear localization of WRM-1 and LIT-1 appears to be a
critical step in asymmetric cell divisions. Furthermore,
although there are data to suggest that WRM-1 and LIT-1
are regulated at the level of nuclear export (Nakamura
et al., 2005; Takeshita and Sawa, 2005), how this might
be regulated by Wnt signaling remains to be elucidated.
Besides the posterior nuclear localization of WRM-1
and LIT-1 at telophase and after asymmetric cell divisions,
these proteins also localize to the opposite side of the cell,
which is the anterior cortex before and during postembry-
onic cell divisions (Takeshita and Sawa, 2005). Another
protein, LIN-17/Fz, is localized to the posterior cortex of
the T hypodermal cell (Goldstein et al., 2006). All of these
localizations to the cortex or nucleus are regulated by the
Wnt signal. Therefore, the Wnt proteins seem to regulate
the intracellular localizations of their downstream compo-
nents rather than the stability of WRM-1. This notion is
consistent with WRM-1’s lack of conserved phosphoryla-
tion sites for GSK-3b and its failure to interact with APR-1,
at least in yeast (Natarajan et al., 2001).
In other organisms, b-catenin is also essential for cell
adhesion at the cortex, through cadherins (Nelson and
Nusse, 2004; Bienz, 2005). Therefore, the sites for the sig-
naling and adhesive functions of b-catenin (i.e., the nu-
cleus and cortex) are spatially separated. In C. elegans,
distinct b-catenin homologs separately regulate Wnt
signaling and cell adhesion. HMP-2/b-catenin functions
in cell adhesion (Costa et al., 1998), but WRM-1/b-catenin
cannot bind classical cadherin, HMR-1, and is specifically
required for the Wnt/MAPK pathway (Korswagen et al.,
2000). Therefore, the WRM-1 that is localized to the ante-
rior cortex is unlikely to function in cell adhesion, and may
instead be involved in the asymmetric nuclear localization
of WRM-1 and LIT-1. In fact, in egl-20/Wnt mutants, in
which WRM-1 can be localized to either the anterior or
posterior cortex, WRM-1 localization is always inhibited
in the daughter nucleus most proximal to the cortical
WRM-1 (Takeshita and Sawa, 2005). To date, however,
the functions of cortical WRM-1 have remained uncertain.
Here, we report that cortical WRM-1 and APR-1
inhibited the nuclear localization of free WRM-1 to gener-
ate asymmetric nuclear WRM-1. We also found that
APR-1 as well as DSH-2/Dsh, MIG-5/Dsh, and PRY-1/
Axin localized asymmetrically to the cortex prior to cell
division, in a Wnt-dependent manner, suggesting that
Wnt proteins regulate WRM-1 nuclear asymmetry through
the asymmetric cortical localization of their downstream
components. Our data uncover dual and antagonistic
functions of cortical and nuclear b-catenin that are likely
to be linked by APC during asymmetric division.
RESULTS
WRM-1 at the Cortex Inhibits the Localization
of WRM-1 to the Nucleus
The T cell in C. elegans is one of the seam cells in the tail
that divides asymmetrically. The anterior daughter (T.a)288 Developmental Cell 12, 287–299, February 2007 ª2007 Elseproduces hypodermal cells, and the posterior one (T.p)
generates neural cells (Figure 1A) (Sulston and Horvitz,
1977). The polarity of the T cell is regulated by lin-44/
Wnt and lin-17/Fz (Herman et al., 1995; Sawa et al.,
1996). In lin-17, wrm-1/b-catenin, or lit-1/MAPK mutants,
both daughters of the T cell adopt the hypodermal fate,
that is, the normal fate of T.a (Figure 1A, wrm-1 mutants),
resulting in the absence of phasmid socket cells derived
from T.p (Psa phenotype for phasmid socket absence)
(Sawa et al., 1996; Rocheleau et al., 1999; Takeshita and
Sawa, 2005).
To elucidate the functions of cortical WRM-1, we forced
WRM-1 to localize throughout the cortex by fusing WRM-
1::GFP with a farnesylation signal (CAAX) from human Ras
(Moriguchi et al., 1999) (WRM-1::GFP::CAAX) to tether
WRM-1::GFP to the cortex. This fusion protein was
expressed under the control of the scm promoter, which
is active in seam cells (Koh and Rothman, 2001). WRM-
1::GFP::CAAX localized uniformly to the cortex in the
seam cells (Figure 1B), and animals carrying WRM-
1::GFP::CAAX (osEx239), but not WRM-1::GFP (osIs5) or
GFP::CAAX, also driven by the scm promoter, had the
Psa phenotype, which indicates defects in the asymmetric
T cell division (Table 1). This result suggests that cortical
WRM-1 is involved in Wnt signaling.
An alternative explanation for the above-described
result is that the defect might have resulted from the se-
questration of molecules required for Wnt signaling, as
an effect of the higher levels of cortical WRM-1 in the
WRM-1::GFP::CAAX animals compared with the WRM-
1::GFP animals. However, this is unlikely, because an-
other strain carrying WRM-1::GFP::CAAX (osEx274) also
showed the Psa phenotype (Table 1), even though it
expressed cortical WRM-1 at a much lower level than
WRM-1::GFP (osIs5), which did not show the Psa pheno-
type (compare Figure 1C and Figure 2A). Moreover, as
shown below, the expression of WRM-1::CAAX did not
affect the cytoplasmic level of the WRM-1-binding protein
LIT-1. These results indicate that the uniform localization
(but not an excessive amount) of cortical WRM-
1::GFP::CAAX caused the Psa phenotype. Because the
Psa phenotype is observed in wrm-1 loss-of-function
mutants (Figure 1A) (Takeshita and Sawa, 2005), these
results strongly suggest that cortical WRM-1 inhibits the
Wnt/MAPK pathway.
To understand how cortical WRM-1 inhibits the
Wnt/MAPK pathway, we analyzed the localization of
GFP::LIT-1 or GFP::WRM-1 in the presence of WRM-
1::CAAX, which does not express GFP. The expression
of WRM-1::CAAX in wild-type animals also caused the
Psa phenotype (Figure 1A; Table 1), suggesting that
WRM-1::CAAX has a localization and activity similar
to WRM-1::GFP::CAAX. We found that the expression of
WRM-1::CAAX caused symmetric GFP::LIT-1 localization
throughout the cortex prior to division (33.3%, n = 27 for
GFP::LIT-1, Figures 1D and 1E) without affecting its cyto-
plasmic levels (Figure S1, see the Supplemental Data
available with this article online). Together with the dimin-
ished cortical localization of LIT-1 in wrm-1 mutantsvier Inc.
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(A) Schematic representations of the T cell at telophase and the fates of its daughter cells (hyp, hypodermal; neu, neural) in each genetic background.
WRM-1 and WRM-1::CAAX localizations are shown in blue and red, respectively.
(B–I) Confocal images showing the localization of GFP fusion proteins. (B and C) Localization of WRM-1::GFP::CAAX in (B) osEx239, which had the
stronger expression level, and in (C) osEx274, which had a much weaker expression level (indicated by arrows), in the wild-type T cell. (D and E)
Cortical localization of GFP::LIT-1 in the V5.p cell of (D) wild-type and of (E) animals expressing WRM-1::CAAX. (F and G) Localization of
GFP::WRM-1 in the T cell daughters of (F) wild-type and (G) WRM-1::CAAX-expressing animals. (H and I) Localization of GFP::LIT-1 in the T cell
daughters of (H) wild-type and (I) WRM-1::CAAX-expressing animals.
(J) Localization of WRM-1::GFP in the T cell of lin-17 mutants.
Anterior is oriented toward the left; ventral is oriented toward the bottom. The shapes of the nuclei are outlined by the dotted circles. Nuclei were out of
focus in (B)–(E). The scale bars are 2 mm.Developmental Cell 12, 287–299, February 2007 ª2007 Elsevier Inc. 289
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Cortical b-Catenin Inhibits Nuclear b-Catenin(Takeshita and Sawa, 2005), these results strongly sug-
gest that the WRM-1 at the cortex recruits LIT-1 to the
cortex. After the division of the T cell, we observed that
the levels of nuclear GFP::WRM-1 and GFP::LIT-1 were
strongly diminished in both daughter cells of some
animals expressing WRM-1::CAAX (11%, n = 51 for
GFP::WRM-1; 22%, n = 22 for GFP::LIT-1; Figures 1A,
1G, and 1I). This phenotype was never observed in the
wild-type background (n = 35 for GFP::WRM-1; n = 33
for GFP::LIT-1; Figures 1F and 1H). These results strongly
suggest that cortical WRM-1 can inhibit the nuclear local-
ization of LIT-1 and of WRM-1 itself.
We previously showed that the nuclear localization of
WRM-1 and LIT-1 is inhibited in both T cell daughters in
lin-17/Fz mutants (Takeshita and Sawa, 2005). Using
scm::WRM-1::GFP, we analyzed the cortical localization
of WRM-1 in lin-17 mutants and found that it was often
symmetrical throughout the cell cortex prior to T cell divi-
sion (51% symmetric localization, 49% no signal, n = 35)
(Figures 1A and 1J). This result is consistent with our
observation that the symmetric cortical localization of
WRM-1::CAAX inhibits the nuclear localization of WRM-1.
apr-1/APC Negatively Regulates the Wnt/MAPK
Pathway by Inhibiting the Localization
of WRM-1 to the Nucleus
In the Wnt-b-catenin pathway, APC functions in the
nuclear export of b-catenin. To understand how cortical
Table 1. Defects in the Asymmetric T Cell Division
Caused by Manipulation of Wnt-Signaling Components
Psa (%) p Values Numbers
N2 (wild-type)a 0 — 460
Ex wrm-1::gfp::caax
(osEx239)b
12 <0.0001c 102
Ex wrm-1::gfp::caax
(osEx274)b
9 <0.0001c 290
Ex wrm-1::caax 9 <0.0001c 208
osIs5 (WRM-1::GFP) 0 — 384
Ex gfp::caax 0 — 108
Ex apr-1::gfp (osEx266) 0.6 0.1840c 344
wrm-1(ne1982) (20C) 2 — 96
wrm-1(ne1982); Ex apr-
1::gfp (osEx266) (20C)
22 <0.0001d 134
wrm-1(ne1982) (25C)e 86 — 150
wrm-1(ne1982); Ex apr-
1::gfp (osEx266) (25C)
99 0.0004f 102
The Psa phenotype indicates abnormal asymmetric T cell
division. ‘‘Ex’’ indicates extrachromosomal arrays.
a From Sawa et al., (2000).
bosEx239 had much stronger expression than osEx274.
c Compared with N2.
d Compared with wrm-1(ne1982) (20C).
e From Takeshita and Sawa (2005).
f Compared with wrm-1(ne1982) (25C).290 Developmental Cell 12, 287–299, February 2007 ª2007 ElseWRM-1 regulates WRM-1 nuclear localization, we ana-
lyzed functions of apr-1/APC in postembryonic asymmet-
ric cell divisions (see Discussion for the apr-1 function in
embryos). Even though RNAi against apr-1 causes com-
plete early larval or embryonic lethality (Hoier et al.,
2000), we found that a strain that carried scm::WRM-
1::GFP (osIs5) was partially resistant to this embryonic le-
thality, allowing us to analyze postembryonic phenotypes
(see Experimental Procedures). In osIs5; apr-1(RNAi) lar-
vae, we found that both T cell daughters often produced
neural cells, indicating that both daughters adopted the
normal fate of T.p (45%, n = 82; Figure 1A). This phenotype
was rarely observed in osIs5 animals (1 of 384 T cells
showed a similar phenotype) and is opposite to the Psa
phenotype seen in lin-17, lit-1, or wrm-1 mutants and in
animals expressing WRM-1::CAAX. As with T cell division,
in osIs5; apr-1(RNAi) animals, both daughters of V seam
cells took on the normal fate of the posterior daughters
(seam cell fate) (32.3%, n = 68 for the V5 division), which
is opposite to the phenotype of mom-4; lit-1 double
mutants (MOM-4/MAPKKK is a positive regulator of LIT-
1/MAPK), in which both daughters adopt the syncytial
fate (Takeshita and Sawa, 2005). The seam cells (V1–V6
cells) undergo self-renewing divisions in each larval stage
to produce the anterior differentiated syncytial cells and
the posterior seam cells. Symmetric V cell division in
osIs5; apr-1(RNAi) animals appeared to result in overpro-
duction of the seam cells (see Figure S2). Similarly, seam
cell overproduction was observed in adult animals not
carrying osIs5 after the L1 soaking (Figure S2) or feeding
RNAi against apr-1 (J.E. Gleason and D.M. Eisenmann,
personal communication).
The above-described results strongly suggest that
apr-1 negatively regulates the Wnt/MAPK pathway, at
least in the seam cells. Consistent with this, we found
that apr-1 overexpression by a multicopy extrachromo-
somal array containing the apr-1 gene (osEx266, which
was generated by using a 10-fold higher DNA concentra-
tion than we used for other arrays in this study) had the Psa
phenotype, albeit at low penetrance (Table 1). Further-
more, osEx266 significantly enhanced the T cell defect
of wrm-1(ne1982) temperature-sensitive mutants at both
20C and 25C (Table 1), suggesting that the overexpres-
sion of apr-1 inhibits Wnt/MAPK signaling, at least in a
sensitized background. Taken together, our results indi-
cate that apr-1 is a negative regulator of the Wnt/MAPK
pathway in the seam cells.
To understand how apr-1 regulates the Wnt/MAPK
pathway, we analyzed WRM-1 localization in the apr-
1(RNAi) background by using WRM-1::GFP (osIs5). In
the wild-type T cell, WRM-1 always localized to the ante-
rior cortex prior to cell division (100%, n = 19; Figure 2A)
and to the posterior nucleus after the division (100%,
n = 44; Figures 2E and 2K). The nuclear asymmetry was
observed as early as telophase (Figure 2C), as shown pre-
viously for the V5.p cell (Takeshita and Sawa, 2005). In
apr-1(RNAi) animals, WRM-1 localization was always
asymmetric to the anterior cortex (n = 67; Figures 1A
and 2B). Therefore, apr-1 may not be required for corticalvier Inc.
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Asymmetric WRM-1 Localization
(A–L) Anterior is oriented toward the left; ventral
is oriented toward the bottom. The shapes of
the nuclei are indicated by the dotted lines. Nu-
clei are out of focus in (A), (B), (G), (H), and (I).
The scale bars are 2 mm. (A–F) WRM-1::GFP
(osIs5) localization in the T cell or its daughters
of wild-type or apr-1(RNAi) animals. (G–J)
GFP::WRM-1 (neIs2) localization in the V5.p
cell or its daughters in (G) wild-type or (H–J)
pry-1 mutant animals. (K) Comparison of the
WRM-1::GFP signal between the anterior and
the posterior daughter nuclei of the T cell.
The intensities of the apr-1(RNAi) samples
showing symmetric nuclear localization and
those with asymmetric localization were calcu-
lated separately. (L) Average signal intensity of
WRM-1::GFP in the entire T cell of wild-type
and apr-1(RNAi) animals. Standard deviations
are shown in the diagram.WRM-1 localization. In contrast to the normal cortical
WRM-1 localization, inosIs5; apr-1(RNAi) animals, WRM-1
was distributed symmetrically in the nuclei of both T cell
daughters (Figures 1A, 2F, and 2K) at a similar frequency
(35%, n = 81) to that of the symmetric division phenotype
described above (45%). Symmetric nuclear localization
with normal asymmetric cortical localization was also
observed at telophase (Figure 2D), which is when WRM-1
nuclear asymmetry is established in wild-type animals
(Takeshita and Sawa, 2005) (Figure 2C). Therefore, the
WRM-1 on the anterior cortex that normally inhibits theDevelopmlocalization of WRM-1 to the anterior nucleus could not
exert this function in apr-1(RNAi) animals. These results
strongly suggest that asymmetric cortical WRM-1 is not
sufficient for establishing nuclear WRM-1 asymmetry,
and that apr-1 functions as a mediator between the cortical
and nuclear WRM-1, to inhibit WRM-1 localization to the
anterior nucleus at telophase.
In human intestinal cancer cells, mutations in the APC
gene result in the nuclear accumulation of b-catenin due
to inappropriate stabilization of b-catenin as well as
defects in the nuclear export of b-catenin (Polakis, 1999;ental Cell 12, 287–299, February 2007 ª2007 Elsevier Inc. 291
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(A–E) Anterior is oriented toward the left; ventral is oriented toward the bottom. The scale bars are 2 mm. GFP fluorescence was photobleached in
whole cells (dotted circles), except the (A and C) anterior or (B and D) posterior nuclei (smaller circles) of the telophase V5.p cell in the (A and B) control
(osIs5) and (C and D) osIs5; apr-1(RNAi) animals. Images recorded before photobleaching (left panels), just after photobleaching (middle panels), and
100 s after photobleaching (right panels) are shown. The average intensities of signals in the nuclei were calculated. (E) The percentages of the fluo-
rescence 100 s after photobleaching compared with those just after photobleaching are shown. Error bars show standard deviations.Henderson and Fagotto, 2002). To test whether APR-1 in
C. elegans functions similarly to APC, we first examined
the stability of WRM-1::GFP and found that the signal
intensity of WRM-1::GFP calculated over the entire T cell
was not significantly altered in the apr-1(RNAi) animals
compared with wild-type (Figure 2L), suggesting that
apr-1(RNAi) does not affect WRM-1::GFP stability.
Next, we examined the role of apr-1 in the nuclear ex-
port of WRM-1 in seam cells at telophase, by measuring292 Developmental Cell 12, 287–299, February 2007 ª2007 Elseits export rates with FRAP (fluorescence recovery after
photo bleaching) experiments, as we did previously with
LIT-1 (Takeshita and Sawa, 2005). We applied photo-
bleaching to eliminate fluorescence throughout the cell
except for the anterior or posterior nucleus at telophase.
After 100 s, we measured how much fluorescence re-
mained in the nucleus (Figures 3A–3D). In the osIs5 control
animals, WRM-1::GFP nuclear signals were more highly
retained in the posterior nucleus than in the anterior onevier Inc.
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Cortical b-Catenin Inhibits Nuclear b-Catenin(Figures 3A, 3B, and 3E), suggesting that WRM-1 nuclear
export is asymmetric, as is the case for LIT-1 (Takeshita
and Sawa, 2005). In apr-1(RNAi) animals, a higher level
of the WRM-1::GFP signal was retained in both daughter
nuclei compared with the control animals (Figures 3C–
3E), suggesting that APR-1 is required for the nuclear ex-
port of WRM-1 in both nuclei. The difference in the export
rates between the anterior and the posterior nuclei was
less significant in the apr-1(RNAi) animals than in control
animals (Figure 3E). This might suggest that APR-1 activity
is asymmetric between the anterior and the posterior
nuclei in wild-type seam cells at telophase. Taking these
observations together, we conclude that, during asym-
metric seam cell divisions, apr-1 negatively regulates the
Wnt/MAPK pathway by facilitating the nuclear export of
WRM-1.
pry-1/Axin Functions in the Cortical
Localization of WRM-1
pry-1 is reported to negatively regulate a Wnt pathway
that is mediated by another b-catenin homolog, bar-1
(Korswagen et al., 2002). In addition, pry-1 appears to
inhibit the Wnt/MAPK pathway, because a pry-1 mutation
can suppress the phenotypes of a hypomorphic wrm-1
mutation (Nakamura et al., 2005), even though animals
carrying the pry-1 mutation alone are fertile, and the T
and V daughters adopt normal cell fates (data not shown).
We examined WRM-1 localization in the seam cells in pry-
1 mutants and found that WRM-1 localized symmetrically
to the cortex prior to cell division (47%, n = 36 for V5.p;
Figure 2H). This phenotype was never observed in wild-
type cells (n = 22 for V5.p; Figure 2G). However, the corti-
cal WRM-1 asymmetry was normal in these cells during
mitosis (n = 8 for V5.p; Figure 2I), suggesting that estab-
lishment of the cortical asymmetry was delayed, but not
prevented, in pry-1 mutants. Consistent with this, after
the divisions, the asymmetric nuclear WRM-1 localization
was normal (n = 17 for V5.p; Figure 2J). Similar to the
WRM-1 localization, the LIT-1 cortical localization was
affected only before the V5.p division in pry-1 mutants
(data not shown). These results indicate that pry-1,
although not essential, functions in the regulation of the
cortical localization of WRM-1 and LIT-1.
Asymmetric Cortical Localizations
of APR-1, PRY-1, and DSHs
To clarify the roles of APR-1 and PRY-1 in asymmetric
divisions, we analyzed their subcellular localizations by
using constructs encoding fusion proteins between
APR-1 or PRY-1 and GFP driven by their native promoters.
These GFP fusion constructs rescued their respective mu-
tants (see Supplemental Experimental Procedures), indi-
cating that the fusion proteins were functional. Using
these constructs, we found that both APR-1::GFP and
PRY-1::GFP localized to the anterior cortex in all seam
cells (Figures 4A–4C and 4F; data not shown), except for
the T cell, in which APR-1::GFP, but not PRY-1::GFP,
was asymmetric (data not shown). Just after the comple-
tion of the divisions, APR-1::GFP and PRY-1::GFPDevelopmremained on the cortex of the anterior daughter cells (Fig-
ures 4D and 4G). They also localized symmetrically to the
cytoplasm throughout the cell cycle. The asymmetric cor-
tical distribution was observed just prior to the onset of
division and during the division, but not in interphase cells
(data not shown), consistent with previous localization
analyses of these proteins in interphase cells (Hoier
et al., 2000; Korswagen et al., 2002). Similarly, WRM-1
cortical asymmetry was not observed in interphase cells
(for example, see Figure S2). Therefore, the asymmetric
cortical localization of these proteins was established
only just prior to the onset of mitosis.
Regarding nuclear localization, APR-1 was nearly ex-
cluded from the nucleus in interphase cells (Figures 4B
and 4C). At telophase (data not shown) or just after
division, however, APR-1::GFP was clearly seen in both
nuclei (compare Figure 4B and Figure 4D). In addition,
we found that a region near the N terminus of APR-1
(amino acid residues 112–333) containing the Arm repeat-
like sequence strongly localized to the nucleus (Figure 4E).
Considering the defects in the nuclear export of WRM-1 in
the apr-1(RNAi) animals described above, these results
suggested that APR-1 shuttles between the cytoplasm
and nucleus to export WRM-1/b-catenin from the nucleus
at telophase, like mammalian APC.
Although WRM-1 does not interact directly with APR-1
(Natarajan et al., 2001) or PRY-1, at least in the yeast
two-hybrid system (data not shown), their shared distribu-
tion to the anterior cortex suggested that they might none-
theless be components of the same complex(es) and be
colocalized at the cortex. Using HA-tagged APR-1, Flag-
tagged PRY-1, and WRM-1::GFP (osIs5), we analyzed
the colocalization of these three molecules. Consistent
with the reported direct interaction between APR-1 and
PRY-1 (Korswagen et al., 2002), most APR-1 and PRY-1
signals overlapped at the cell cortex as well as in the
cytoplasm (Figures S3). Similarly, many HA::APR-1 or
Flag::PRY-1 signals overlapped with those of WRM-
1::GFP at the cortex and even in the cytoplasm, although
some signals did not overlap. These results suggest that
WRM-1 is a component of a complex(es) that also con-
tains APR-1 and PRY-1.
To test whether the asymmetric cortical localization of
APR-1 and PRY-1 is regulated by Wnt proteins, the local-
ization of these proteins was examined in wnt mutant
backgrounds (Figure 5 and Figure S4). The polarities of
the asymmetric divisions of the V5.p and T cells are regu-
lated by egl-20/Wnt and lin-44/Wnt, respectively (Herman
and Horvitz, 1994; Whangbo et al., 2000). In egl-20 mu-
tants, APR-1::GFP and PRY-1::GFP were often distributed
symmetrically on the cortex prior to V5.p division (43%,
n = 23 for APR-1::GFP; 81%, n = 32 for PRY-1::GFP; Fig-
ures 5A and 5B), and less frequently during the division
(0%, n = 3 for APR-1::GFP; 54%, n = 13 for PRY-
1::GFP); such a delay of the establishment of cortical
asymmetry is also observed for the cortical WRM-1 and
LIT-1 localizations in egl-20 mutants (Takeshita and
Sawa, 2005). In the T cell of lin-44 mutants, APR-1::GFP
localization was often reversed and was concentrated atental Cell 12, 287–299, February 2007 ª2007 Elsevier Inc. 293
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Cortical b-Catenin Inhibits Nuclear b-CateninFigure 4. Asymmetric Cortical Localizations of the Wnt Pathway Components
(A–I) Anterior is oriented toward the left; ventral is oriented toward the bottom. The shapes of the nuclei are indicated by the dotted lines. The nucleus
was out of focus in (F). Localization of the proteins is summarized in (A). (B and C) APR-1::GFP localization in the (B) V5.p and (C) T cells. (D) APR-1
localization just after the V5.p division. (E) Localization of an N-terminal region of APR-1. (F and G) PRY-1::GFP localization in the (F) V5.p cell and (G)
its daughters. (H and I) (H) DSH-2::GFP and (I) MIG-5::GFP localizations in the T cell. The scale bars are 2 mm.the posterior cortex (Figure 5C), consistent with the polar-
ity-reversal phenotype (Herman and Horvitz, 1994). In lin-
17/Fz mutants, in which the T cell divides symmetrically
(Sternberg and Horvitz, 1988), APR-1::GFP was observed
in both the anterior and posterior cortex, indicating that
lin-17 regulates APR-1 localization (Figure 5D). These
data indicate that the asymmetric localization of APR-1
and PRY-1 is regulated by Wnt signaling.
In pry-1 mutants, APR-1::GFP was symmetrically local-
ized to the cortex of the seam cells, except for the T cell,
prior to their division (80%; n = 20 for V5.p; Figure 5F),
as in the case for WRM-1 and LIT-1 localization described
above, suggesting that pry-1 also regulates the cortical294 Developmental Cell 12, 287–299, February 2007 ª2007 Ellocalization of APR-1. On the other hand, in the T cell,
where cortical PRY-1 was not asymmetric, APR-1::GFP
localization was not affected in pry-1 mutants (Figure 5E).
In the Wnt-b-catenin pathway, APC functions upstream
of b-catenin. However, in wrm-1 hypomorphic mutants
(ne1982), cortical APR-1::GFP was significantly de-
creased (Figure 5G), suggesting that the cortical localiza-
tion of APR-1 depends on wrm-1. Furthermore, APR-
1::GFP was symmetrically distributed throughout the cell
cortex in animals expressing WRM-1::CAAX (55.6%,
n = 36; Figure 5H). These results strongly suggest that
WRM-1 at the cortex recruits APR-1 to the cortex and
support the hypothesis that APR-1 mediates thesevier Inc.
Developmental Cell
Cortical b-Catenin Inhibits Nuclear b-CateninFigure 5. Localizations of APR-1, PRY-1, and DSHs in Wnt Pathway Mutants
(A–J) Anterior is oriented toward the left; ventral is oriented toward the bottom. (A and B) (A) APR-1::GFP and (B) PRY-1::GFP in the V5.p cell of egl-20/
Wnt mutants. (C and D) APR-1::GFP localization in the T cell of (C) lin-44/Wnt and (D) lin-17/Fz (n3091) mutants. (E and F) APR-1::GFP localization in
the (E) T cell or (F) V5.p cell of pry-1 mutants. (G and H) APR-1::GFP localization in the T cell of (G) wrm-1(ne1982) mutants or in (H) animals expressing
WRM-1::CAAX. (I and J) DSH-2::GFP localization in the T cell of (I) lin-44 and (J) lin-17 mutants. The scale bars are 2 mm.regulation of nuclear WRM-1 levels by WRM-1 at the
cortex.
Three Dsh homologs, dsh-1, dsh-2, and mig-5, are
reported to function redundantly in the asymmetric EMS
division, and DSH-2 localizes asymmetrically to the poste-
rior cortex in the EMS blastomere (Walston et al., 2004).
Similarly, we found that DSH-2::GFP and MIG-5::GFP
localized to the posterior cortex in all seam cells (for
DSH-2::GFP, 90% [n = 10]; for MIG-5::GFP, 72% [n =
28]; Figures 4A, 4H, and 4I; data not shown). Intact GFP
proteins expressed in the T cell by scm::GFP never
showed such asymmetric cortical localization (n = 19). In
lin-44 and lin-17 mutants, DSH-2 did not localize to the
cortex in the T cell (Figures 5I and 5J), indicating that
DSH-2’s cortical localization is induced by the Wnt signal.
Although neither dsh-2(or302) nor mig-5(RNAi) mutants
had the Psa phenotype (0%, n = 80 for dsh-2; 0%,
n = 128 for mig-5), probably due to genetic redundancy
(dsh-2[or302]; mig-5[RNAi] double mutants died asDevelopmeembryos), the asymmetric localizations of these proteins
suggest that they also may take part in the asymmetric
divisions of the seam cells. Taken together, our results
indicate that in asymmetric cell divisions, the transmission
of the Wnt protein signal is regulated through the
asymmetric cortical localization of its downstream
components.
DISCUSSION
Our results strongly suggest that cortical WRM-1/b-
catenin inhibits its own nuclear localization during asym-
metric cell division in C. elegans. This inhibitory role
contrasts with that of nuclear WRM-1, which is a positive
regulator of the Wnt/MAPK pathway, probably through its
promotion of the nuclear export of POP-1/TCF (Lo et al.,
2004). Thus, WRM-1 possesses dual and antagonistic
functions in the Wnt/MAPK pathway. Because, in the
apr-1(RNAi) animals, WRM-1 localized to both daughtersntal Cell 12, 287–299, February 2007 ª2007 Elsevier Inc. 295
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duction during Asymmetric Cell Division
b, WRM-1/b-catenin; L, LIT-1/MAPK; A, APR-
1/APC; X, PRY-1/Axin; W, Wnt; F, Frizzled; D,
Dishevelled. The Frizzled proteins binds to
Wnts in the posterior of the cell, localizing it
to the posterior cortex (Wnt+), to which they re-
cruit the Dsh proteins to release the WRM-1-
LIT-1-APR-1-PRY-1 complex from the cortex.
APR-1 shuttles between the cytoplasm and
nuclei and exports WRM-1 and LIT-1 from
the nuclei (dotted arrows). WRM-1 and proba-
bly APR-1 on the anterior side stimulate the
export of WRM-1 and LIT-1 from the anterior
daughter nuclei (arrows).at telophase with WRM-1 being at the anterior cortex
(Figure 2), APR-1 probably mediates cortical WRM-1’s
effects on the localization of nuclear WRM-1. Thus, our
data indicate a novel, to our knowledge, role for cortical
b-catenin as a regulator of its asymmetric nuclear localiza-
tion, mediated by APC during asymmetric cell divisions.
Regulation of Cortical Asymmetry
Our results show that Wnt proteins regulate the asymmet-
ric cortical localization of components of the Wnt/MAPK
pathway during postembryonic asymmetric cell divisions
in C. elegans. In the absence of Wnts, LIN-17/Fz, APR-1/
APC, PRY-1/Axin, WRM-1/b-catenin, and LIT-1/MAPK
were localized symmetrically to the cortex (Figure 5)
(Takeshita and Sawa, 2005; Goldstein et al., 2006). Wnt
signals from the posterior side of the cell provide cues
for polarization, leading to the posterior localization of Fz
receptors, like LIN-17 in the T cell and MOM-5 in the Q
and V5 cells (Park et al., 2004; Goldstein et al., 2006).
These localized and activated Fz receptors probably re-
cruit the Dsh proteins to the posterior cortex, as has
been shown in Drosophila and Xenopus (Axelrod et al.,
1998; Rothbacher et al., 2000). Although we currently do
not have any experimental evidence for the involvement
of Dsh, the cortical Dsh proteins may stimulate the disas-
sembly of the complex containing PRY-1, APR-1, LIT-1,
and WRM-1, releasing them from the cortex (Figure 6).
The delay in the establishment of cortical asymmetry in
pry-1 mutants suggests that PRY-1 probably functions
redundantly in this process with one or more additional
proteins, e.g., APR-1. This model seems consistent with
previous observations in mammals and Drosophila that
Wnt signals stimulate the dissociation of b-catenin from
the destruction complex (Willert et al., 1999; Tolwinski
et al., 2003; Ha et al., 2004). In this scenario, the disassem-
bly of the cortical multiprotein complex does not occur at
the anterior cortex, which restricts WRM-1 and APR-1 to
the anterior cortex prior to cell division. The detailed
mechanism by which these proteins are targeted to the
cortex is currently unknown. It does not seem to depend
on the direct interaction between b-catenin and cadherin,296 Developmental Cell 12, 287–299, February 2007 ª2007 Elsebecause WRM-1 does not bind cadherin (Korswagen
et al., 2000). Consistently, zygotic RNAi of hmr-1 (see
Experimental Procedures), which caused severe defects
in embryonic morphogenesis, did not affect the cortical
WRM-1 localization in larvae that escaped lethality
(n = 6). Nonetheless, WRM-1 appears to play a central
role in this targeting mechanism, because, as we showed
here, cortical WRM-1 affects the targeting of APR-1 and
LIT-1 to the cortex.
Functions of APR-1 in Asymmetric Division
Our results strongly suggest that APR-1 shuttles between
the cytoplasm and nucleus and exports WRM-1 from both
the anterior and posterior nuclei at telophase, when
WRM-1 nuclear asymmetry is established. In addition,
we showed that WRM-1 regulates the cortical localization
of APR-1. Therefore, it is plausible that cortical WRM-1
regulates its own nuclear localization through cortical
APR-1 at telophase. In this case, a remaining question is
how cortical APR-1 regulates WRM-1 export. One possi-
bility is that APR-1 functions at the cortex to regulate
microtubules, given that in Drosophila and mammals
APC localizes to the plus ends of microtubules to regulate
their stability (Bienz, 2002). APC is also known to move
along microtubules toward the plus ends (Mimori-Kiyosue
and Tsukita, 2001). In the anterior nucleus, the complex
containing WRM-1 and APR-1 that exits from the nucleus
may be efficiently loaded at the anterior perinuclear region
onto microtubules stabilized by cortical WRM-1 and APR-
1. This might result in the enhancement of nuclear export
from the anterior nucleus at telophase. Further analyses
will be necessary to elucidate the roles of microtubules
and APR-1 in asymmetric cell divisions. Whatever the
functions of cortical APR-1, our results indicate that
APR-1 plays a central role in converting the polarity of
mother cells to the asymmetries of the daughter nuclei.
In contrast to our finding that apr-1 inhibits the Wnt/
MAPK pathway in postembryonic cells, apr-1 is a positive
regulator of the pathway in the EMS division (Rocheleau
et al., 1997). Consistent with this, in apr-1(RNAi) embryos,
WRM-1 fails to localize to the nuclei of the EMS daughtervier Inc.
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required for the nuclear localization of WRM-1. Therefore,
the molecular mechanisms of the Wnt/MAPK pathway
may be different between the EMS and seam cells.
Cortical b-Catenin and APC in Other Organisms
Although WRM-1 has armadillo repeats like b-catenin, its
sequence is quite diverged from b-catenin, and it does not
bind to APR-1/APC or POP-1/TCF. Accordingly, the Wnt/
MAPK pathway is sometimes referred to as a ‘‘noncanon-
ical’’ pathway (Herman, 2002). However, we showed that
WRM-1 colocalizes with APR-1 and PRY-1/Axin, and that
its nuclear localization is negatively regulated by APR-1.
Therefore, the pathway may be more relevant to the
Wnt/b-catenin pathway in other organisms than
previously thought, even if the stability of WRM-1 is not
regulated by Wnt.
In other organisms, b-catenin and APC localize to the
cortex in a variety of cells (Mimori-Kiyosue and Tsukita,
2001; Bienz and Hamada, 2004; Bienz, 2005). In contrast
to our observation in C. elegans that cortical b-catenin in-
hibits Wnt signaling, it has been reported, in Xenopus and
Drosophila, that overexpression of a membrane-tethered
form of b-catenin activates Wnt signaling (Miller and
Moon, 1997; Cox et al., 1999; Tolwinski and Wieschaus,
2001, 2004; Cong et al., 2003). Nevertheless, it has also
been reported that overexpression of cadherin, which
likely recruits b-catenin to the cortex, inhibits Wnt signal-
ing (Fagotto et al., 1996; Gottardi et al., 2001). Such ef-
fects on Wnt signaling are explained by the sequestration
of Wnt-signaling components: Axin or APC by membrane-
tethered b-catenin in the former experiments (Tolwinski
and Wieschaus, 2001; Cong et al., 2003), and b-catenin
itself by the overexpression of cadherin in the latter exper-
iments (Graham et al., 2000; Huber and Weis, 2001).
Therefore, the physiological roles of cortical b-catenin in
Wnt signaling remain elusive, and it is possible that
cortical b-catenin directly inhibits Wnt signaling in other
organisms.
A function for b-catenin in cell polarity regulation has not
been clearly demonstrated in other organisms. However,
there are reports on the asymmetric cortical localization
of Armadillo/b-catenin and APC in Drosophila neuroblasts
that undergo asymmetric divisions (McCartney et al.,
1999; Akong et al., 2002). Furthermore, APC localizes to
the cortex asymmetrically along with b-catenin in germline
stem cells and regulates their asymmetric divisions in
Drosophila (Yamashita et al., 2003). Therefore, the func-
tion of b-catenin and APC as polarity regulators may be
conserved in other organisms.
Wnt signaling is involved in the maintenance of stem
cells that undergo self-renewing asymmetric cell division
(Aubert et al., 2002; Kielman et al., 2002; Reya et al.,
2003). Although there is no evidence that Wnt signals
regulate the polarities of stem cell divisions, inappropriate
Wnt activation is often correlated with tumor formation
(Bienz and Clevers, 2000; Reya and Clevers, 2005; Logan
and Nusse, 2004), which may be caused by the failure of
asymmetric cell divisions (Morrison and Kimble, 2006). InDevelopmefact, we showed that apr-1(RNAi) animals showed over-
production of the seam cells, probably due to defects in
asymmetric cell divisions (Figure S2). Our data suggest
that cortical b-catenin may suppress stem cell tumorigen-
esis by regulating the polarities of asymmetric stem cell
divisions and/or by repressing the nuclear accumulation
of b-catenin. Further analyses may shed light on unidenti-
fied functions of b-catenin in cell polarity regulation and/or
in the Wnt-signaling pathway in other organisms.
EXPERIMENTAL PROCEDURES
Strains and Plasmids
All C. elegans strains used in this study were cultured by standard
methods. To analyze temperature-sensitive mutants ofwrm-1, animals
grown at 15C were shifted to 25C at the late embryonic stage, and
the phenotype was checked at the late L1 stages. All other strains
were maintained at 22.5C.
For analyses of WRM-1 localization, we used two functional trans-
genes that show similar localization patterns in the seam cells:
WRM-1::GFP (osIs5; scm promoter::WRM-1::GFP) and GFP::WRM-1
(neIs2; wrm-1 promoter::GFP::WRM-1) (Nakamura et al., 2005).
WRM-1::GFP showed a higher expression level than GFP::WRM-1
and was suited for analysis of cortical localization in the T cell and
colocalization with APR-1 and PRY-1. In addition, WRM-1::GFP was
used for the apr-1(RNAi) experiments because it resisted apr-1(RNAi)
embryonic lethality (26.4% embryonic lethal, n = 129). Because both
apr-1 and wrm-1 function in the morphogenesis of embryos (Hoier
et al., 2000) (J. Hardin, personal communication), the overexpression
of WRM-1 in the seam cells might compensate for the loss of apr-1
function in hypodermal morphogenesis. GFP::WRM-1 showed clearer
nuclear asymmetry and was used for the analysis of nuclear localiza-
tion. scm::WRM-1::GFP, APR-1::GFP, PRY-1::GFP, scm::DSH-
2::GFP, and scm::MIG-5::GFP were constructed as described in
Supplemental Experimental Procedures. GFP fluorescence was ana-
lyzed by confocal microscopy (Zeiss LSM510). FRAP experiments
were performed as described (Takeshita and Sawa, 2005).
RNAi Experiment
Double-stranded RNA of apr-1 (spanning the 2635–3085 bp region of
the apr-1 cDNA) was prepared by using the T7 RiboMAX TM Express
RNAi System (Promega). Double-stranded RNA was injected into
osIs5 animals, and their progeny were analyzed for WRM-1 localization
and the resulting phenotype. Asymmetry of the T cell division was
examined at the late L1 stage as described (Sawa et al., 2000). To
analyze asymmetry of the V cell divisions, the morphology of daughter
cells and expression of GFP by osIs5 (scm::WRM-1::GFP) were
observed at the late L1 stage. In uninjected animals, GFP expression
was observed only in the posterior daughters (seam cells), while it
was observed in both daughters in apr-1(RNAi) animals.
To perform zygotic RNAi of hmr-1, we used RNAi-defective rde-2
mutants (Grishok et al., 2000). Double-stranded RNA was injected
into rde-2; unc-76 mutants, followed by crossing with osIs5 males
(wild-type for rde-2) to supply the rde-2 activity zygotically. WRM-
1::GFP localization was examined in the F1-cross progeny.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures
and four figures and are available at http://www.developmentalcell.
com/cgi/content/full/12/2/287/DC1/.
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